Background: Although neoangiogenesis is a hallmark of chronic inflammatory diseases such as inflammatory arthritis and many cancers, therapeutic agents targeting the vasculature remain elusive. Here we identified miR-125a as an important regulator of angiogenesis. Methods: MiRNA levels were quantified in Psoriatic Arthritis (PsA) synovial-tissue by RT-PCR and compared to macroscopic synovial vascularity. HMVEC were transfected with anti-miR-125a and angiogenic mechanisms quantified using tube formation assays, transwell invasion chambers, wound repair, RT-PCR and western blot. Real-time analysis of EC metabolism was assessed using the XF-24 Extracellular-Flux Analyzer. Synovial expression of metabolic markers was assessed by immunohistochemistry and immunofluorescent staining. MiR-125a CRISPR/Cas9-based knock-out zebrafish were generated and vascular development assessed. Finally, glycolytic blockade using 3PO, which inhibits Phosphofructokinase-fructose-2,6-bisphophatase 3 (PFKFB3), was assessed in miR-125a−/− ECs and zebrafish embryos. Findings: MiR-125a is significantly decreased in PsA synovium and inversely associated with macroscopic vascularity. In-vivo, CRISPR/cas9 miR-125a −/− zebrafish displayed a hyper-branching phenotype. In-vitro, miR-125a inhibition promoted EC tube formation, branching, migration and invasion, effects paralleled by a shift in their metabolic profile towards glycolysis. This metabolic shift was also observed in the PsA synovial vasculature where increased expression of glucose transporter 1 (GLUT1), PFKFB3 and Pyruvate kinase muscle isozyme M2 (PKM2) were demonstrated. Finally, blockade of PFKFB3 significantly inhibited anti-miR-125a-induced angiogenic mechanisms in-vitro, paralleled by normalisation of vascular development of CRISPR/cas9 miR-125a −/− zebrafish embryos. Intepretation: Our results provide evidence that miR-125a deficiency enhances angiogenic processes through metabolic reprogramming of endothelial cells. Fund: Irish Research Council, Arthritis Ireland, EU Seventh Framework Programme (612218/3D-NET).
Introduction
PsA is a multi-faceted chronic inflammatory disease which effects musculoskeletal structures, skin and nails [1] . This heterogeneous presentation has led to difficulties with effective treatment, with 40% of patients failing to respond optimally [2] , emphasizing the need for new strategies. A key pathogenic event in PsA pathophysiology, irrespective of disease location, is aberrant blood vessel growth, which orchestrates the persistent infiltration of immune cells and the transition into chronic inflammation [3, 4] . Previous studies have shown a distinct macroscopic vascular pattern, characterized by elongated, tortuous and dilated vessels compared to patients with rheumatoid arthritis (RA) [5, 6] . This vascular pattern is associated with differential synovial expression of the angiogenic growth factors; vascular endothelial growth factor (VEGF), its receptors VEGFR-1/Flt1 and VEGFR-2/KDR, Angiopoietin (Ang) 1 and 2 and their receptor Tie2 at both early and late disease stages [7, 8] , which correlate with disease activity and radiographic progression [9, 10] .
Though anti-VEGF treatment has proven successful in the treatment of age-related macular degeneration [11] , blockade of angiogenic growth factors has largely failed in other complex diseases, such as cancer, due to resistance and toxicity [12] . Therefore, there is an urgent need for novel anti-angiogenic strategies. It has recently been shown that endothelial cell metabolism and metabolic reprogramming are key features of vessel sprouting and tumour angiogenesis [13, 14] . Activated endothelial cells increase their rates of glycolysis to enable the rapid generation of ATP necessary to meet the energy demands for cell migration, cell extension and proliferation for new vessel formation [15] . Under conditions of inflammation and tumorigenesis, targeted inhibition of specific glycolytic enzymes in stromal, endothelial and immune cells resolves chronic inflammation and prevents tumour metastasis and tumour survival [16] [17] [18] . However, despite the increasing attention to the role of glycolysis in angiogenesis driven tumours, the impact and/or regulation of glycolysis-induced angiogenesis in arthritis is not well understood.
Numerous studies have demonstrated the role of miRNA in a range of processes including angiogenesis, metabolism and immune cell activation; hence have been implicated in the pathogenesis of a number of autoimmune diseases [19] [20] [21] [22] . As dysfunctional angiogenesis is a key pathogenic event in the development and progression of PsA, we investigated the effect of aberrant miRNA expression on endothelial cell function, cellular metabolism, gene expression and its contribution to pathological angiogenesis. Our data show a down-regulation of miR-125a in PsA synovial tissue, which is associated with joint angiogenesis. In addition, we show an increase in metabolic markers in PsA synovial vasculature compared to non-inflamed tissue. miR-125a deficiencies resulted in endothelial activation through metabolic reprogramming and elevated glycolysis, inducing endothelial cell sprouting in vitro and in vivo. Furthermore, our data suggest that the targeted inhibition of glycolysis can normalise miR-125a −/− -induced dysfunctional sprouting and may provide a novel approach in treating angiogenesis-driven chronic inflammatory conditions such as PsA.
Methods

Patient recruitment
Patients with active inflammatory arthritis were recruited from outpatient clinics at the Department of Rheumatology, St. Vincent's University Hospital (Dublin, Ireland). All patients met the CASPAR diagnostic criteria [51] . Arthroscopy of the inflamed knee was performed under local anaesthetic using a 2.7 mm needle arthroscope (Richard Wolf, Illinois, USA). Macroscopic vascularity was assessed under direct visualisation and scored as described previously [5] . Demographic and clinical information are detailed in Table S1 . For immunohistochemical and miRNA analysis, synovial tissue biopsy samples were immediately embedded in mounting media or snap frozen in liquid nitrogen. Peripheral blood mononuclear cells were also obtained at arthroscopy and were isolated according to standard procedures. All patients provided written informed consent as approved by the local Ethics Committee of St. Vincent's University Hospital.
Quantitative real-time PCR
Total RNA was extracted using miRNeasy Kit (Qiagen). Mature miRNA expression was quantified using specific primers designed for hsa-miR-125a, hsa-miR-125b, dre-miR-125a, dre-miR-125b-5p, dre-miR-125b-1-3p, dre-miR-125b-2-3p and miR-125b-3-3p with a universal reverse sequence primer as described previously [52] . For mRNA analysis, cDNA was synthesized with high-capacity cDNA reverse transcription kit (Applied Biosystems). qPCR was performed with SYBR green qPCR master mix (Applied Biosystems) with specific primers (Table S1 ). Relative gene expression was normalised to the expression of the house keeping gene; ribosomal protein lateral stalk subunit P0 (RPLP0). Principle Component Analysis (PCA) was performed on scaled log 2 expression values using the prcomp function in R (Version 3.3.1).
Cell culture and treatment
Human Umbilical Vein Endothelial Cells (HUVEC) (Lonza) were incubated in MCDB (Gibco) media supplemented with L-glutamine (Gibco-BRL), 0.5 ml EGF (Gibco-BRL), 50 ml FCS (Gibco-BRL), 0.5 ml hydrocortisone, penicillin (100 units/ml; Bioscience), streptomycin (100 units/ml; Bioscience) and fungizone (0.25 μg/ml; Bioscience). Cells were cultured at 37°C in humidified air with 5% CO2 and harvested with trypsin-EDTA (Lonza). HUVEC were transfected at 70-80% confluence with 100 nM anti-miR-125a or anti-control (Ambion) using lipofectamin 2000 (Invitrogen) as per manufacturer's instruction. Twenty-four hours after transfection, the medium was changed to fresh complete MCDB and treated where indicated with 3PO (20 μM) or DMSO (20 μM) for 24 h.
Migration and transwell invasion assay
For wound healing assays, HUVECs were cultured in 48-well plates at 70-80% confluence. Following 24 h transfection under the specified conditions, a wound was scratched in the centre of the cell monolayer by a sterile plastic pipette tip and debris was removed by PBS washing. Transwell invasion assays were performed in Corning Matrigel Invasion Chamber inserts (8.0 μM pore size, Corning) at 3 × 10 4 cells/insert in the upper chamber. Cells were allowed to migrate/invade for 24 h at 37°C. For the transwell invasion assay, non-invading cells were removed from the upper surface of the chamber. Cells were fixed with 1%
Research in context Evidence before this study
We considered all the relevant evidence on angiogenesis and the role that MiRNA plays in its regulation, and in the pathogenesis of many inflammatory diseases and cancers. Previous studies have implicated miR-125a in disease pathogenesis due to its ability to regulate numerous targets, however not specifically angiogenesis and metabolism. Our search strategy used the following terms 'angiogenesis' 'microRNA' and 'metabolism' in PubMed to include those reports published in the English language between June 30, 1988 and Jan 31, 2019. We prioritised original articles that related to the search terms in studies of human health.
Added value of this study
We elucidate a specific role for miR-125a in the regulation of angiogenesis relevant to inflammatory diseases, namely Psoriatic Arthritis (PsA), in which expression appears to be reduced in the joint lining synovial tissue. In addition, we show that levels correlate with increased vascularity in the joint. In parallel miR-125a deficiency resulted in endothelial cell activation and a distinct metabolic shift towards glycolysis. Using CRISPR/Cas9 techniques, we demonstrate loss of miR-125a in zebrafish embryos results in a hypervascular phenotype. Finally, we demonstrate that the effect of miR-125a deficiency on endothelial cell activation is reversed when glycolysis is inhibited, following PFKFB3 blockade both in vitro and in vivo.
Implications of all the available evidence
This is the first report of a role for MiR-125a in the regulation of angiogenesis, via an effect on endothelial cell metabolism, with specific relevance to a common inflammatory disease impacting on human health. These data suggest that the miR-125a-glycoylsis axis represents a novel opportunity for intervention of inflammatory arthritis and other angiogenesis-related diseases.
paraformaldehyde and stained with 0.1% crystal violet and the number of migrating/invading cells were quantified as previously described [53] .
Tube formation assay
HUVECs were seeded on growth factor-reduced Matrigel (BD Bioscience)-coated 96-well plates at 3 × 10 4 cells per well for 18-24 h. The endothelial tubule formation was observed and photographed using an inverted microscope. Number of tubes formed were manually counted. The number of branches, junctions and nodes were quantified using the Image J software.
Histological analysis
Immunohistochemistry analysis was performed using paraffin synovial tissue sections and the Dako ChemMate Envision Kit (Dako). Sections were made of 7 μm thickness, deparaffinised in xylene and rehydrated in alcohol and deionised water. Antigen retrieval was performed by heating sections in antigen retrieval solution (15 ml of 1 M sodium citrate and 15 ml of 1 M citric acid in deionised water, pH 6.0) in a pressure cooker. Slides were blocked with 10% casein in PBS for 20 min, and then incubated with primary antibodies; ATP5P (Santa Cruz Biotechnology), PFKFB3, (Abcam), PKM2 (Abgent), GLUT1 (Abcam), followed by a horseradish peroxidase-conjugated secondary antibody (Dako). An IgG1 control antibody (Dako) was used as a negative control. Colour was developed in diaminobenzidine solution (1:50; Dako) and counterstained with hematoxylin. Slides were mounted using Pertex media. Images were captured using Olympus DP50 light microscope and AnalySIS software (Soft Imaging System Corporation, Lakewood). Vascular regions were scored using a well-established semi-quantitative scoring method (0-4) as previously described [54, 55] . Dual-immunofluorescent staining for PFKFB3 (Abcam) and vWF (DAKO) was performed on cryostat synovial sections. Synovial sections were fixed with acetone for 10 min and co-incubated with primary mouse antibody against human vWF and primary rabbit antibody against PFKFB3. Following incubation for 18 h, sections were stained with donkey anti-mouse AlexaFluor 647 (Abcam) and donkey antirabbit AlexaFlour 488 (Abcam) for 60 min and counterstained with 4′,6-diamidino-2-phenylindole (DAPI) nuclear stain (Sigma-Aldrich) for 2 min. Samples were mounted with Molecular Probes antifade mounting medium (Thermo Fisher Scientific) and assessed by immunofluorescence microscopy (Olympus BX51; Olympus, Hamburg, Germany).
Seahorse assay
An XF-24 Extracellular Flux Analyzer (Seahorse Bioscience) was used to analyse real-time changes of the two main energy pathways; oxidative phosphorylation and glycolysis. Transfected HUVEC were seeded in XF-24 well culture plates at 3 × 10 4 cells and allowed to adhere. Cells were rinsed and maintained in seahorse assay base medium with 10 mM glucose (pH 7.4) 1 h prior to assay initiation. Cells were treated with 2 μg/ml oligomycin, 5 μM FCCP and 2 μM antimycin A (Seahorse Bioscience). MRC rate as calculated by the decrease in OCR from baseline following oligomycin treatment. SPC rate as calculated as the increase in OCR compared to baseline following FCCP treatment.
Western blotting
Cells were scraped and centrifuged prior to cell lysis. Ice-cold RIPA (Radio-Immunoprecipitation Assay) buffer (Sigma, Missouri, USA) containing 10 μg/ml phosphatase inhibitor cocktail and 10 μg/ml protease inhibitor cocktail (Sigma) was used to extract protein from transfected HUVEC. Measurement of protein concentration was performed using a BCA assay (Pierce Chemical Co, Rockford, IL, USA). Protein (5 μg) was resolved on SDS-PAGE (5% stacking, 10% resolving), gels were then transferred onto PVDF membranes (Amersham Biosciences, UK) prior to 1 h blocking in wash buffer containing 3% BSA (0.1% Tween) with gentle agitation at room temperature. Membranes were incubated with mouse monoclonal anti-HK2 (Novus Biologicals, Colorado, USA) and rabbit monoclonal anti-PFKFB3 (Abcam, UK), and diluted in 3% BSA containing 0.1% Tween 20 at 4°C overnight with gentle agitation. β-actin (1:5000, Sigma) was used as a loading control. Following three 15 min washes, membranes were incubated with appropriate horseradish peroxidase conjugated secondary antibodies (1:5000) for 3 h at RT. The signal was detected using SuperSignal® West Pico Chemiluminescent Substrate (Amersham Biosciences). Band densities were imaged using the ChemiDoc MP Imaging System (Bio-Rad, California, USA).
Zebrafish husbandry and hyperbranching analysis
Zebrafish maintenance and husbandry were as per standard conditions of 28°C with a constant 14 h light/10 h dark lighting cycle. Embryos were kept in E3 medium (5 mM NaCl, 0.17 mM KCL, 0.33 mM CaCl 2 , 5-10% methylene blue) at 28.5°C with or without 0.003% 1phenyl-2-thiourea (PTU) to inhibit pigment formation. Embryos of the Tg(fli1:EGFP) y1 line were used for vasculature analysis. For 3PO experiments, embryos were placed into 6-well plates with E3 medium, to which 3PO (30 μM) or DMSO vehicle control (30 μM) was added 3 days post fertilization (dpf) for 48 h. All protocols were approved by the local government authority, Health Products Regulatory Authority (license no: AE18982/P062). Embryos were scored according to severe (1-2 ISVs with interesting hyperbranches), moderate (1-2 mid-length intersecting hyperbranches), mild (1-2 small hyperbranches) and no (no hyperbranches).
Morpholinos
Antisense morpholino oligonucleotides (MOs) were obtained from Gene Tools ( Fig. S2 for morpholino coverage over each member of the miR-125 family). The following pre-miRNA processing, blocking and control morpholino were used; miR-125-MO targeted sequence: 5' AAACGTCACAAGTTAGGGTCTCAGG 3′, Control MO scrambled sequence: 5' CCTCTTACCTCAGTTACAATTTATA 3′. Antisense MO oligonucleotides were diluted in water to give a stock concentration of 8.3 μg/μl. Microinjections of 5-6 ng of the MO were performed at the 1-2 cell stage using a Nanoliter 2000 injector together with a Sys-Micro4 controller (World Precision Instruments).
Generation of the miR-125a1 −/− mutant line
CRISPR target sites were identified using ZiFiT Targeter program (Version 4.1) [56, 57] as previously described [58] . The target sequences for miR-125a1 are as follows; GGGTGCAGAGGGGTGATCCA and CCTGAG GTCCTCAGGAACA. Targeted guide strand RNA were generated using a pDR275 guide RNA expression vector (Addgene, Keith Joung Lab). WT (Tubingen strain) embryos were injected (1 nl) at the 1 cell stage with a 1:2 mix of Cas9 mRNA and miR-125a1 targeted guide RNA duplex and raised to adulthood. F0 founder fish were identified and outcrossed with Tg(fli1:EGFP) y1 to generated miR-125 +/− Tg(fli1:EGFP) y1 F1 progeny. DNA from tail fins was extracted, amplified and sequenced to identify heterozygous F1 Tg(fli1:EGFP) y1 . miR-125a1 +/− were selfcrossed to generate F2 embryos which were used until 4 dpf in the outlined experiments following genotype identification (Table S2 Primer Sequences).
Statistical analysis
Wilcoxon Signed Rank test or Mann Whitney was used for analysis of non-parametric data. Student t-test was used for parametric data, Fishers exact test for phenotype frequency and Chi-square test for phenotype severity. Spearman's rank correlation was performed to correlate the synovial tissue expression of miR-125a and macroscopic joint vascularity. Area under the receiver operating characteristic (ROC) curve (AUC) with 95% confidence interval (CI), sensitivity was calculated to determine the accuracy index for evaluating the ability of miR-125a synovial tissue expression to distinguish macroscopic joint vascularity. All analysis were performed using GraphPad Prism (Version 5). P-values of b0.05 (*p b .05) were determined as statistically significant.
Results
miR-125a is downregulated in PsA synovial tissue and is associated with joint angiogenesis
Previous miRNA studies in PsA have largely focused on peripheral blood expression profiles [23, 24] . However, emerging evidence strongly supports tissue-specific miRNA profiles which mediate disease sitespecific pathogenic mechanisms. We therefore investigated the expression of the miR-125a family members, miR-125a and miR-125b, both being previously associated with dysfunctional angiogenesis [25, 26] , in peripheral blood cells and inflamed synovial tissue obtained from PsA patients with active disease and compared them to osteoarthritis (OA), disease comparator. miR-125a and miR-125b were significantly increased in PsA peripheral blood compared to OA peripheral blood cells (Fig. 1A) . In contrast, PsA synovial tissue showed a significant decrease in miR-125a and miR-125b expression compared to OA disease comparator ( Fig. 1B) .
To identify the potential pathogenic function of aberrant miR-125 expression in the PsA synovial tissue, miR-125a and miR-125b expression levels were assessed in relation to synovial markers of disease (disease activity scores, synovitis and vascularity), demonstrating a trend towards a negative correlation between synovial tissue expression of miR-125a and joint vascularity (r = −0.5; p = .104) (Fig. 1C ). The classification of samples into low miR-125 (b1.5 -delta ct) and high miR-125a (N1.5 -delta ct), demonstrates a significant increase in synovial macroscopic vascularity (1−100) in patients with low synovial expression of miR-125a as compared to patients with high synovial expression of miR-125a ( Fig. 1D and E) . Receiver operating characteristics (ROC) analysis demonstrated the specificity and sensitivity of miR-125a in separating PsA patients according to joint vascularity ( Fig. 1F ; Area Under the Curve: 0.68). miR-125b expression did not show any association with disease activity and was not examined further (data not shown). Collectively, these data suggest a potential role for miR-125a in the regulation of joint angiogenesis in PsA. 
miR-125a regulates endothelial cell migration, invasion and tube formation
To elucidate the role of miR-125a on endothelial cell (EC) function, EC were transfected with miR-125a antisense oligonucleotides and EC activation assays were performed. Reduction of mature miR-125a levels in silenced cells was confirmed by RT-PCR (Figs. S1A and S1B). To study the effect of miR-125a on vessel branching, we performed two dimensional tube formation assays. miR-125a knockdown significantly induced vessel network formation ( Fig. 2A and B) , paralleled by increased frequencies of branching points, junctions and nodes (Fig. 2B) . Anti-miR-125a treated ECs also significantly increased migration ( Fig. 2C and D) and promoted invasion ( Fig. 2E and F) . Supporting this finding, increased expression of miR-125a significantly inhibited EC branching and motility (Figs. S1C, S2A and S2b). To better understand the molecular mechanisms of miR-125a deficiency on ECs, we performed transcriptional analysis of anti-miR-125a treated ECs as compared to control transfected cells. Gene expression analysis revealed anti-miR-125a treated ECs upregulate a number of genes related to EC activation (Fig. 2G) . Consistent with the functional phenotype, genes associated with vessel branching, migration and invasion were over-expressed in anti-miR-125a treated ECs, including VEGFA, YAP, ANG2, MMP2 and RAC (Fig. 2H ). This demonstrates that EC morphology and function are regulated, at least in part, by miR-125a.
Silencing of miR-125 in Zebrafish causes vascular hyperbranching
We next explored the functional role of miR-125a in vascular development using both morpholino and CRISPR/Cas9 technology. It is noteworthy that the mature miR-125a sequence is strongly conserved across different species, including zebrafish, and share an identical seed sequence supporting the functional importance for miR-125a ( Fig. S3A) . One widely used tool for the transient knockdown of specific miRNA in zebrafish is morpholino (MO) antisense technology, which prevent miRNA maturation by binding to the Drosha site, Dicer site and the mature microRNA strand resulting in the blockade of pre-microRNA processing. The miR-125 family has six orthologues in zebrafish; miR-125a1, miR-125a2, miR-125b-5p, miR-125b-1-3p, miR-125b-2-3p and miR-125b-3-3p, with similar Drosha, Dicer and seed sequences ( Fig. S3B) , therefore making it difficult to selectively and specifically inhibit individual family members. We therefore designed and injected a single miR-125-MO targeting all members of the miR-125 family into Tg(fli1:EGFP) y1 transgenic zebrafish and analysed vascular development. At 1, 2 and 4 days post-fertilization (dpf), 50% of morphants injected with miR-125-MO showed gross morphological aberrations and clear developmental impairment (Fig. S3C) , resulting in 53% embryo death in miR-125 morphants, versus 6% of control embryos. Compared to control-MO injected embryos, miR-125-MO embryos showed a significant reduction (60-70%) in miR-125 expression, supporting the efficacy of MO-mediated blockade of miR-125 ( Fig. S4A ). Formation of the major vessels in the zebrafish trunk were examined at 4 dpf in the surviving larvae and were found to be normal in the control-MO injected larvae. In contrast, 50% of the miR-125 morphants displayed excessive branching of the intersegmental vessels (ISV) (Fig. S4B ). Other vessels in the zebrafish trunk; dorsal aorta, dorsal longitudinal anastomotic vein and posterior cardinal vein developed normally.
To dissect the specific contribution of miR-125a in vascular development and to overcome the unspecific effects associated with morpholino injection, we used the CRISPR/Cas9 technology to generate miR-125a1 −/− zebrafish. As depicted in Fig. 3A , Cas9 target sites were identified 5′ and 3′ of the miR-125a1 gene in a genomic location devoid of protein coding genes. CRISPR guide RNAs (gRNA) with tracrRNA were generated to selectively guide the Cas9 protein to these genomic locations. Tg(fli1:EGFP) y1 miR-125a +/− heterozygous zebrafish were incrossed to generate miR-125a1 −/− embryos as identified by Sanger sequencing and genotyping ( Figs. 3B and S5A) . In contrast to morpholinomediated blockade of miR-125a, there was no evidence of elevated mortality in miR-125a1 +/+ , miR-125a1 +/− or miR-125a1 −/− embryos, with normal Mendelian inheritance being observed (Fig. 3C ). Furthermore, miR-125a1 +/− and miR-125a1 −/− embryos showed no defects in gross morphology or development rates compared to miR-125a1 +/+ embryos (Fig. S5B) . In contrast to this, hyper-branching phenotypes were observed at 4 dpf in all miR-125a1 −/− larvae, where 33% displayed a mild phenotype, 45% displayed a moderate phenotype and 22% exhibited a severe ISV hyper-branching phenotype (Fig. 3D) . Collectively, these data suggest that miR-125a is an important regulator of vascular sprouting.
Loss of miR-125a induces metabolic reprogramming in endothelial cells
In recent years, we and others have demonstrated the fundamental role of EC glycolysis in angiogenesis [14, [27] [28] [29] . To assess the potential role of dysregulated metabolism in PsA synovial vasculature, we first examined the expression of surrogate markers of metabolism; GLUT1, PFKFB3, PKM2 and ATP5P in PsA synovial tissue sections. Analysis of the synovial vascular regions demonstrated significantly greater expression of GLUT1, PFKFB3, PKM2 and ATP5B in PsA synovial vasculature as compared to OA disease controls supporting elevated metabolism in PsA vasculature ( Fig. 4A and B) . Subsequent immunofluorescence staining of PsA synovial tissue demonstrated co-localisation of Von Willebrand factor (vWF) labelled vascular regions and PFKFB3 (Fig. S6) .
To assess if the loss of miR-125a induces metabolic reprogramming of ECs in vitro, we next measured the expression of genes required for glucose metabolism (HK2, PFKFB3, GSK3A, PDK1, H6PD, G6PD and PDK2). Heatmap and principle component analysis (PCA) revealed that the loss of miR-125a results in a distinct metabolic profile from that of anti-control ECs, with an overexpression of glycolysis related genes in anti-miR-125a treated ECs (Fig. 4C and D) . Notably, EC cells with reduced expression of miR-125a display increased expression of two key regulators of glycolysis, PFKFB3 and HK2, and glycogen synthesis, GSK3A (Fig. 4E) , pathways crucial for EC function, particularly tumour angiogenesis [30] [31] [32] . As shown in Fig. S7 , the protein expression of HK2 and PFKFB3 was also notably increased after inhibition of miR-125a in HUVEC. Higher glycolytic activity was confirmed by seahorse profiling, where the extracellular acidification rate (ECAR, a measure of glycolysis) and oxygen consumption rate (OCR, a measure of OXPHOS) were analysed 24 h post anti-miR-125a transfection, timed such that the metabolic profile was assessed while anti-miR-125ainduced angiogenesis was on-going. Anti-miR-125a ECs were distinguished from anti-control cells by a higher ECAR ( Fig. 4F and G) and significantly lower baseline OCR compared to anti-control treated ECs ( Fig. 4H and I) . Following the serial addition of oligomycin, FCCP and antimycin A (Summarized graph Fig. S8 ), anti-miR-125a treated ECs showed significantly lower maximum respiratory capacity (MRC, Fig. 4J ) and spare respiratory capacity (SRC, Fig. 4K ) compared to anticontrol treated cells. Together, these data demonstrate a distinct metabolic shift towards glycolysis in anti-miR-125a treated ECs (Fig. 4L ).
Glycolysis is required for miR-125a-induced angiogenesis
Our results indicate that a glycolytic shift is necessary for miR-125ainduced angiogenic mechanisms. Therefore, we examined the impact of a PFKFB3-targeting glycolytic inhibitor, 3PO [13, 14, 33] , on EC miR-125a-induced angiogenesis. To verify that loss of glycolytic flux prevents miR-125a-induced angiogenesis in vivo, we treated 3 dpf miR-125a1 −/− embryos, timed such to capture the development of the hyper-branching phenotype, with 3PO or DMSO vehicle control. As demonstrated in Fig. 5A , the presence of 3PO attenuated vessel hyper-branching in miR-125a1 −/− larvae 4 at dpf. While 80% of DMSO control treated miR-125a1 −/− embryos displayed severe or moderate ISV hyper-branching, 0% of 3PO treated miR-125a1 −/− embryos showed these phenotypes, where 20% displayed a mild phenotype and 80% displayed a completely normal ISV ( Fig. 5A and B) . Under anti-control conditions in vitro, ECs exhibited normal migration, invasion and tube formation in the presence or absence of 3PO ( Fig. 5C-E) . By contrast, anti-miR-125a ECs cultured in the presence of 3PO exhibited almost a complete lack of miR-125a-induced migration, invasion and tube formation ( Fig. 5C-E) , further verifying the requirement of glycolysis in miR-125a-mediated EC activation. Together, these data demonstrate that EC activation in response to miR-125a deficiency is dependent upon elevated glycolysis.
Discussion
The majority of studies examining angiogenesis in inflammatory arthritis have focused on angiogenic factors and cytokines, however the effect of anti-angiogenic therapies such as anti-VEGF agents, have not fulfilled their expectations, with modest survival improvements in patients with cancer [34] and evidence of enhanced malignancy following vessel pruning due to elevated tumour hypoxia [35] . A more recent antiangiogenic approach is vessel normalisation to improve vessel structure and tissue perfusion. By examining miRNA and synovial angiogenesis, we demonstrate that the bioenergetic profile of endothelial cells is integral to the functional and structural form of synovial vasculature. Decreased expression of miR-125a in PsA synovial tissue was associated with joint vascularity and induced EC activation in vitro. Using antisense morpholinos and CRISPR/Cas9 techniques, we demonstrate loss of miR-125a in zebrafish embryos mimics the hyper-vascular phenotype observed in the PsA synovium. Our results show that inhibition of endogenous miR-125a in vitro is sufficient to induce a distinct transcriptional metabolic signature in ECs, with increased expression of metabolic markers observed in the synovial vascular regions ex vivo. In particular, we found that enhanced EC glycolysis mediates miR-125a-induced angiogenic mechanisms and that inhibition of glycolysis through PFKFB3 blockade normalised the miR-125a-induced hyperbranching in vitro and in vivo. Together our data implicate miR-125a as an important regulator of joint angiogenesis and highlights metabolic reprogramming as a new opportunity to normalise synovial vasculature in inflammatory arthritis.
We demonstrated that decreased expression of miR-125a in PsA synovial tissue is associated with increased macroscopic vascularity. Consistent with this observation, studies have demonstrated decreased expression of miR-125a in EC derived from multiple sclerosis (MS) lesions, which was associated with poor barrier function and immune cell infiltration [36] . Previous work has demonstrated distinct vascular morphology in the PsA synovium characterized by a tortuous, elongated vessel, displaying an irregular hyper-branched appearance [5, 37] . Functionally, they are immature and poorly perfused, resulting in PO 2 levels as low as 0.46% and increased trafficking of immune cells into the synovial space [38] [39] [40] . A similar vascular phenotype was observed in this study, wherein a deficiency of miR-125a in vitro and in vivo led to increased vascular hyper-branching. Interestingly, hypoxic conditions have been previously shown to induce miR-125a down-regulation in hepatocellular carcinoma cells [41] , suggesting that synovial hypoxia may contribute to the dysfunctional synovial expression of miR-125a. Molecularly, at the post-transcriptional level, miR-125a has been demonstrated to directly bind to and regulate VEGFA expression [26] . Consistent with this, decreased expression of miR-125 has been associated with tumour angiogenesis and correlated with VEGFA expression levels in hepatocellular carcinoma [42] , ovarian cancer [43] and gastric cancer [26] . The common vascular phenotype in both morpholino and CRISPR/ Cas9 reverse genetic approaches in this study demonstrate that the miR-125a1 −/− transgenic lines faithfully represent the pro-angiogenic phenotype of miR-125 knockdown activity in vivo. A future challenge is the direct analysis of the cell autonomous function of miR-125a−/− zebrafish in regulating angiogenesis. The importance of angiogenesis in early disease and the observed decreased expression of miR-125a associated with in vivo synovial vascularity in patients with PsA, suggests miR-125a may play an important role in the early stages of synovial inflammation, from initiation and development to progression towards chronic autoimmunity. While we have shown in vitro and in vivo that miR-125a deficiency regulates dysfunctional angiogenesis, and demonstrated an association of low synovial miR-125a with PsA synovial vasculature, a limitation of the study is cellular localisation of miR-125a in PsA synovial tissue, due to difficulty in isolating primary endothelial cells from synovial tissue and the challenge of detecting a lowly expressed miR-125a. Future studies examining the spatiotemporal expression of miR-125a and miR-125b in the PsA synovium, or advances in single cell analysis of PsA synovium will extend the current findings and further elucidate the co-regulatory role of miR-125a across the different cellular subsets within the synovium. While the regulatory mechanism regulating the reduced synovial expression remains to be elucidated, DNA methylation, single-nucleotide polymorphisms and translocation abnormalities within the miR-125a gene have been linked to disease development in cancer [44] [45] [46] .
Previous work has established the role of metabolism in promoting mechanisms of synovial inflammation and immune cell activity [27, [47] [48] [49] . Our data now also indicates increased metabolism within the vascular regions of the inflamed synovium, with elevated vascular expression of GLUT1, PFKFB3, PKM2 and ATP5B in PsA synovium compared to OA disease comparators. Gene expression studies identified a distinct glycolysis-related gene signature in miR-125a deficient ECs resulting in a metabolic shift towards glycolysis. This metabolic switch is equivalent to mechanisms of vascular dysfunction in tumour pathogenesis [50] , where it is required for EC activation and function [14] . In addition, glucose-derived carbons, via the pentose-phosphate pathway (PPP), enable nucleotide synthesis required for cell proliferation. In agreement, miR-125a deficient ECs exhibited increased expression of G6PD, a rate-limiting enzyme of the PPP, suggesting miR-125aactivated ECs can divert glucose-derived carbons into these pathways to sustain rapid proliferation and it's hyperbranching phenotype. Of note, miR-125a-activated ECs maintained OXPHOS, SRC and MRC, suggesting that they can still engage in mitochondrial respiration and are metabolically flexible to enable response to environmental stress and maintain cell viability.
In agreement with previous studies [26, 41] , we showed that a deficiency of miR-125a exhibits both a pro-angiogenic and a proglycolytic phenotype. Given the target multiplicity associated with miRNA biological function, it may be suggested that miR-125a simultaneously regulates both the pro-angiogenic and metabolic signalling pathways associated with dysfunctional angiogenesis in disease [8, 50] . The inhibition of PFKFB3 and subsequent partial blockade of glycolysis is known to impair vessel hyper-branching and promote vessel normalisation in response to pro-angiogenic factors, such as VEGF [13, 50] . In further support of this hypothesis, PFKFB3 inhibition has effectively impaired inflammation-driven angiogenesis and tumour angiogenesis in murine models, with reduced frequencies of infiltrating immune cells and reduced disease severity being observed [13, 50] . We have observed that PFKFB3 inhibition induces an almost complete normalisation of the miR-125a−/− vascular phenotype and miR-125a deficient EC. This suggests that miR-125a levels in ECs may regulate their metabolic/ pro-angiogenic profile to control vascular morphology and function, in particular tortuous vessels which are a key feature of the PsA vascular phenotype. However, it is important to note that DMSO treated miR-125a−/− larvae showed an increase in the frequency of severe hyperbranching, with a parallel decrease in the frequency of mild hyperbranching, suggesting that a more aggressive hyperbranching phenotype in the presence of DMSO. These relative differences in phenotype frequencies, could be partially a reflection of the global effects of DMSO as a solvent. Together, these data support the miR-125aglycoylsis axis (Fig. 6 ) as a new opportunity for anti-angiogenic intervention in PsA and other angiogenesis driven diseases.
Financial support
This work was supported by the Irish Research Council (irc38fddc69b29962630995a58b540da99e), Arthritis Ireland, and Marie Curie Industry-Academia Pathways and Partnerships (IAPP) grant award from the EU Seventh Framework Programme (612218/3D-NET).
Author contribution SW-Literature search, figures, study design, data collection, data analysis, data interpretation, writing of manuscript, and, edits to final submitted manuscript.
NO-Literature search, study design, data collection, data analysis, data interpretation, edits to final submitted manuscript.
HMcL-Data collection, data analysis, data interpretation, edits to final submitted manuscript.
MB-Data collection, data analysis, data interpretation, edits to final submitted manuscript.
SPC-Data collection, data analysis, data interpretation, edits to final submitted manuscript.
MT-Study design, data analysis, data interpretation, edits to final submitted manuscript.
CCC-Data collection, data analysis, data interpretation, edits to final submitted manuscript.
TMcG-Data collection, data analysis, data interpretation, edits to final submitted manuscript.
MC-Data collection, data analysis, data interpretation, edits to final submitted manuscript.
BNK-Study design, data analysis, data interpretation, edits to final submitted manuscript.
DJV-Study design, figures, data collection, data analysis, data interpretation, edits to final submitted manuscript.
UF-Literature search, Figures, study design, data analysis, data interpretation, writing of manuscript, final approval of submitted manuscript. 
